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SUMMARY

A method for computing the effect of surface roughness on the
drag coefficient of an airplane is pressented. Calculated rosults
uging this method are compared with experimental results from both
flight and wind-tunnel tests.” In general, the agreement 1l bellieved
satisfactory.

INTRODUCTION -

Considersble research has been psrformed in the past to dster—
mine the effect of surface roughness on the drag of an alrplane or
its component parts. In general, howsver, these data have been
limited to several degrees of roughness and types of airplanes. In
order to determine the effoct of other degrees of roughness on a
specific airplane, the designer must therefore resort to further
experimontation or attempt to estimate the effect. In ordsr to
provide means to estimate the effect of varilous degrees of roughness
on any airplans, the method discussed in this report was developed.
The method combinos several relations used in determining the skin—
friction drag of flat plates with various surface conditions.

SYMBOLS

The following symbols are used in this report:

Cr skin-friction drag coefficient (The coefficient is based upon
the ares for which the drag is being computed.)

x length in direction of air flow of that pert of & swxrface for
which drag cqeffiqient is belng computed, feet

X height of roughness particles on surface, feet
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equivalent sand grain helght, feet
Reynolds mwmber (Vox/dT '~ |
boundary—layer Reynolds number {(Vod/v)
wing Reynolds number (Voc/v)

body Reynolds nmumber (VoL/o)

distence normel to surface from the surface to a point in
the boundary layer at which u equals 0.707V, feet

chord. of wing, feet
distance along surface from leading edge, feet

distance along surface from leading edge, to point of
maximum veloelty,: feet

length. of body, fest
disténce of surface from axis of revolution, feet

value of r _at point for which boundary-layer thickness
is being computed, feet ’

velocity of air in boundary layer, feet per second
free—stream“velocify, ?eet-per ascond

maiimﬁm velocity over surféce,'fee£ per second

velocity at point of lamiﬂaf seperation, feet per second
velocity outsids boundary layer, feet per second

velue of V¥ at point for which boundary-layer thickness
is beling computed, feeit per second

kinematic vlscosity of alr, squéfe feet per second

a,b constants

METHOD OF CALCULATING DRAG INCREMENT
General Discuseslon

The drag of a surface due to skin friction arises from the

momentum losses in the boundary layer. The momentum losses in the
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boundary layer are dependent not only on the extent of the swmxface
upstream of the point at which the lossos are measured, but alsec
on the type of flow in the boundary layer. In thls particular
discussion three .different types of boundary—layer flow are of
interest, namely, laminar flow, turbulent flow over a smooth sur—
face, a.nd turbulent flow over a rough surfaco.  To illustrate
theso types of flow, assume that alr is flowing over a surface,
the forward portion of which is smocdth and the latter portion
rough. The growth of the boundary layer along this surface would
be as follows:

Diagrem 1

At point &, the leading edge of the plate, the boundary-layer
thickness 1s zero. From points a to b the boundary layer is
laminar. Transition is assumed to occur at point b, causing &
turbulent boundary layer on a smooth surfaco  to exist from points
b to c. In actual practice camplete transition will not occur at
e point. Notice that beneath the turbulent boundary layer thero
is & thin laminar sublayer. Tho roughness particlos project ’
above this laminar sublayer behind point c. A turbulent boundery
leyor on a rough surface exists, therefore, from ¢ to d.

In order to compute the drag of this surface, it is necessary
to Xnow the decreasc in boundary—layor momentum in unit time as
the alr passes fram point a to point 4. The momentum losses from
the leading edge of the plate to any point on the plate can be
shown ag the ordinate of a curve plotted in relation to the length
of the plate, as shown in dlagram 2, It will bo noticed that there
arc three different curves corresponding to the threo types of flow
over the flat plate.

Various equations have been determined aenalytically and
enpirically from vwhich the ordinates of these curves can be found,
provided the conditions set forth in the derivation of these
eguatlions are met. Theso conditions are as follows:

1. The 'boundary layer must be the seme type as that used in
the deorivation of the equation.
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2. The same type of boundary layer must extend over the entire .
surface. : : - )

3. The momentum losses in the boundary layer miet bo zero at
the upstrean edge -of the surface.

An inspection of diagrom 2 shows that only condition 3 la mst
gince three different typeos of boundary layer occur on the plate
and therefore no one equation could be used for all three types.

JAVAVAVAVAVAY

Diagram 2 . . N .

For the purposes of the calculation let the plate be divided
into three sectlions, each surface having only one type of boundary
layer as shown in diagram 3. . _
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It is then possible to meet conditions 1 and 2 for each surface
separately, but conditlian 3 is fulfilled only for the most upstream
surface (surfece A). However, if the middle and downstream sur—
Paces (surfaces B and C) were extended upstream to a point at which
the momentum losses in the type of boundary layer under consideration
theoretically would be zero, the flow over this enlarged surface
would fulfill condition 3 and the momentum losses at any point on
the surface could then be calcnlated. The momentum losses in the
boundary layer over the extended part of the surface are shown by
dotted lines in dlagram 3.

It will be noticed in disgram 3 that the momsntwm losses at
-point b are ldentical on surfacas A and B and that the losses at
point ¢ are also identicael. This characterlistic then simplifTies
the dstermination of lengths b'b and gl'c, for since the momentum
losses at point b can be determined fram the equation appropriate
to the fiow over surface A, it is only necessary to substlitute this
momentum loss in the equation appréepriate to the flow over surface
B and determine the length of flow required to mroduce the loss.
The loss at point ¢ is then determined by using the length b'c in
the equation appropriate o surface B.

It therefore can be seen that the determination of the momen—
tum losses in the boundary layer at point d, which is equal to the
drag of the plate, 1s a step-by—-step process when more than one
type of flow exists over the plate. An outline of this process
and a nwiierical example are shown in the appendix.

Basic Bauatlons

The basic skin-frictlon drag equatians as given in the
references are as follows:

For a laminar boumdary layer, the eguation 1s

= -

For a turbulent boundary layer on a smooth surface the
equation is

0.455 | (2)
(LlogieR )2 58

Cf=
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For a turbulent boundary layer on a rough surface ths equation
is . DL .

Cp = (1.89 + 1.62 log;o %—e->~2'5 (3)

To facllitate the use of these equations in the method previously
discussed, it is more appropriate that they be given in terms of
drag than drag coefficient. Moreover the drag coefficients in the
preceding equations are based upon the area for which the drag is
being computed. In general, the coefficients will be based on the
projJected wing aree of the airplane. Presenting the equations In
torms of drag then makes it easy to base the coefficients on the
wing area by dividing by this area at the conclusion of the
calculation.

The equations sre, therefore, modified by multiplying by a
length term as follows:

Cex = M (%)
R/x
_ 0.455x
Cex = [10810 (R/x) + log,, x] =58 )
Cex = = (6)

[1.89 + 1.62 log,, {x/Kg)]=5

The term Cex is then the drag per unit width of the plate

divided by the dynemic pressure. The torm R/x is used since it
is a function only of the true airspeed and the kinematlc viscoslty
of the air. Its value 1s shown in figure 1. In figures 2 to 4 the
values for equations (4) to (6) are shown.

Equation (4) is the Blasius relationship (reference 1, p.322)
and is used only when a laminsr boundary layer exists on the
surface. Equation (5) is used (reference 1, p. 324) vhenever
the flow i1s over a smooth surface and has a turbulent boundary
laysr. When the flow is over s rough surface and has a turbu-
lent boundary layer, equation (6) is used (reference 2).

Bquation (6) is independent of Reynolds number. It may be used,
however, only when the Reynolds number is sufficiently large to
cause the laminar sublayer bensath the turbulent boundary layer
to be amell iIn comparison to the height of the roughness particles.
At smsll Reynolds mumbers ‘for which the laminar sublayer completely
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blankets the roughness particles, the flow is similar to that over
& smooth surface and equation (5) may be used. Figure 5 shows the
Reynolds number renge in which the skin-friction drag coefficient
becomes independent of Reynolds mumber and equation (6) may be used.

In figure 6 the effect of roughness density on the equivalent
sand grain height is shown. The points on the curve are taken
from date glven in roference 2.

Determining the Type of Flow

In ordeor to use the method previously discussed it ls necessary
to determine the types of flow over the surface and the length of
each type of flow. On a smooth surface two types of flow may exist:
ths boundary layer may elther be laminar or turbulent. IFrom the
stagnation point to the transition point the boundary layer is
laminar. The problem thon bscomes one of determining the location
of the transition point at which the laminar layer will transform
into a twrbulent layer.

In some cases, the transition point will have been determined
expsrimentally, thersby eliminatlng the problem. If such is not the
case, approximate methods must be used.

On low—drag wings and smooth bodies of revolutlon, reference 3
states that trensitlion will probably occur in the reglon in which
the boundary—-layer Reynolde mumber Ry bhas a valus between 8000
and 9500. However, transition is assumed to occur at the point of
minimum pressure i1f Rg 1s less than the previously mentiocned
values at that point. KReference 3 glves the following values for
Rs. : . i --

For two—dimensionael flow, the value of Rg is

717

3_22_. = (2.3)2. /v°) fS/c d.s-

and for bodies of revolutlon, the exprsssion is

i 5/ 817
2 - ear (2 (vg N o
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For airfoils having maximum velocity far forward, 1t is assumed
that trensition will occur at the point of laminar separation. The
following mothod (reference L4) may be used to find the separastion
point. The forward portion_of the chordwise velocity distribution
is approximated by two straight lines. The region ahead of the
maximum veloclity is represented by

‘and the region directly behind tho maximum velocity by
l=(a+b)s—g—-b(§>
VQ< . o] C

‘The point of separation ie then dstermined from

v .
Bo= g
Vs

where QB. as a function of 'b/a. is plotted in figure T.

I the surface is in the wake of the wing, as for example the
horizontal tail, or in the propsller slipstream, it 1s assumed that
transition occurs at the leading edge of the surface.

The boundsry layer over a rough surface is assumed to be
turbulent except near the stagnation point. WNo data are available
vhich show the extent that a rough surface willl cause premature
transition, although reference 5 shows that & single row of small
projections near the stagnation point will not move the transition
point forward to the projections. It waos assumed, therefore, that
for surfaces which are rough up to the stagnation point a leminar
boundary layer exists at least to the point at which the local
velocity reaches the free—streanm velocity.

RESULTS AND DISCUSSION

A comparison of theoretical results using the method discussed
in this report with experimental results is shown in table I follow-
ing the appendix. In the theoretical resulte, the roughness height
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and density were estimated from photomicrographs or enlarged sketches

of the roughened surface. The dashed curves in figure 4 show the

equivalent sand graln heights estimated for references 6 and T.

ghey are the same order of ma@aitude as 'bhe roughness In references
and 9.

The experimental results were given in force and coefficient
form in references 8 and 9. In references 6 and 7, the drag coef—
ficlent was celculated from the velocity, brake horsepowsr, and
altitude data glven and from the efficlency of a propeller similsr
to thaet used on the P-51B airplene. (See reference 10.) The data
of references 6, 7, and 8 were obtained from flight tests. The
data of reference ¢ wers obtsined from wind:—ttmnel tests.

Considering the spproximstions that have been made in the
method dlscussed in this report In order to maintain its simplicity,
the agreement between sxperimental and computed results Is believed
to be satisfactory. In all dbut two cames, the calculated increment
df drag coefficient ls within gpproximately 20 percent of the
eXperimental Increment. In the two cases in which the agreement was
poor, only 15 percent and 40 percent of the leading edgs of the
P-51B wing was roughened. This poor sgreement is believed to be
primarily due to an inability to estimate accurately the point of
transitlion when the wing leading edge is roughened. Therefore
when only a small portion of the leading edge is roughened, errors
in the location of transition cause proportionately large errors
in the drag computations. However, for a wing completely roughened,
the error in the drag incrament due to an orror in the transition
point becomes proportionately sm=ll. This condition suggests the
fact that, 1f tho leading edge of s surfa.co is roughened the
mothod may be used successfully cn.ly if a ma.jor portion of the wing
is roughened but cannot be used successfully when only a smgll
portion of the surfacc is roughened.. On the other hand, when
only the 'bra,iling edge ‘of the wing i1s roughenod, the method gives
saetisfactory results even when only 33 percent of the tralling
edge is roughoned, 28 in the cese of the comparison of calculated
results with those of reference 6.

CONCLUSIONS

A method of calculeting the effect on drag of roughness cn the
surface of an alrplane, based upon equations for the skin friction
of a flat pliate, 1s discussed in this report. A comparlison of
experimental resulis showing the effect of surface roughness with
reaults obtalned from this method indicates the following:

1. TIn most of the camparisons, the calculated increment was
within 20 peorcent of the experimental increment.
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2. Due to an inability to estimate accurately the extent that
8 roughensd surface will cause premature transition, experimental
and calculated results in which only the leading edge of the wing
le roughened do not agres very well. This 1s not believed too
serious since 1n most cases the entire wing will be roughened.

Ames Aerocnautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Callf.

APPENDIX
OUTLINE OF METHCD TO COMPUTE DRAG INCREMENT

To calculate the effect of surface roughness by the method
discussed in this report, the surface is assumed to be a flat plate and
the skin friction of the plate in a smooth and s roughened condition
is computed. The differsnce 1in these resulis is the Ilncrement dus ‘to
surface roughness. An outline of the steps required to calculate the
drag of a surface with two types of IlOW is as follows:

l. Detormine types of flow of the surface and divide the surface
into sections corresponding to the various types of flow. -~ -

2. BSelect the equation or figure applicable to each type of flow.

3. Calculate the skin—friction drag per unit width for, the
upstream scction.

k. Find the distance that the second section must be extended
upstream by substituting drag from step 3 Into esquation or figure
corresponding to type of flow over second section.

5. Add dlstance from step L to length of second section.

6. Substitute length from step 5 into egquation or figure
. corresponding to flow over second section. The result le the drag
" per wmit width for the surface.

7. Multiply results of step 6 by the average width of the
surface. The result .is the skin-frictlon drag of the surface.

8. Since by using equations (4) to (6) or figures 2 to 4, the
drag per unit width already ie divided by the dynamic proseurs, a coef-
ficlent may be obtained from step 7 by dividing by the reference area.

If more than two types of flow exlst on the surface, steps 4 to 6
are repeated for each additlional type of flow with the difference that
the drag used in step 4 is the drag per unit width of all surface
upstreamn of the section under consideration.
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A numericel example of the method will now be shown. Each
gtep will be numbered to correspond to the outlins of the method.

Problem:

What is the increase in drag coefficient due to roughening
50 percent of the trailing edge of & wing?

Given:

Wing chord, 10 feet S

Wing span, 60 feet

Reynolds number per foobt of chdrd; 1 x.10% .

Transition from laminar to turbulent, 30 percent chord on
uprer and lower surface

Height of roughness particle, 0.0005 foot

Spacing of roughness particle, 0.001l5 foot

Using figure 6, the equivalent sand gra.in height is found to
be 0.0010 foot

The skin-friction dra.g for the roughened. wing will first be
cormputed. ; .

Steps 1 and 2

Section Length Type of Flow R - Equation or figure

1 3 Laminar (1) 2

2 2 © -Turbulent on emooth surface (5} 3

3 5 Turbulent on rough surface (6) L
Step 3

Opx = 22321/ 3. 0.3 x 1072
~/ 108
Step &t
0.455 x
2.3 X 10 3= . 2
[ log 10° + log, x] 358

Step 5

= 0.5 +2 =2.5



12 ' NACA RM No. ATB24

Step 6
0.455 % 2.5
Crx =
.. fleg,, 10° + 10g 2.5]175;
Cex = 9.4 x 1073
Step kIt |
9.bh x 1072 = X
2
. [lf89 + 162 103190.15011 .5
Step 5! .
=115 +5 = 6.15
Step 6!
Cex = ‘ 6:15 AT
L1, 1.62 1 : a5
& + 8195 001 ]

Cex = 33.6 X 1073
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Step T
Since the drag of both upper and lower surface is desired and

the flows are the seme over sach surface; the average width of the
watted area 1s twice the wing span. _

Drag
Dynamic pressure.

= 33.6 x10 > x2 x 60 = 4.03

Step 8

GD=_1L—.9§—-.—_=O.O%7

10 x.60

" For the smooth wing steps k' to 6! are eliminated and. the
length of the-second section is 7 feet. .
For this condition

GD = 0000""7

The drag increment is then

ACp = 0.0020
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Figure 6.- The effect of roughness density on the equi-
valent sand grain height.
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Figure 7.- A function for deteruining the laminar separation



